INTRODUCTION
============

Paracoccidioidomycosis (PCM) is caused by the dimorphic fungus *Paracoccidioides brasiliensis* (Pb) and corresponds to a prevalent systemic mycosis in Latin America. Fungal conidia are inhaled from the environment and can spread from the lungs to internal organs and mucocutaneous osteoarticular areas, causing severe granulomatous lesions. PCM affects more than 10 million people and has the highest mortality rates in Southern and Southeastern Brazil. The largest recorded cases of the disease are found in Brazil, with over 80% of all cases^[@B22]^.

The inclusion of PCM as a serious public health problem is due to the fact that it predominantly affects males in their most productive years: approximately 85% of cases occur between 30 to 59 years of age^[@B28],[@B36]^. The high social and economic costs are due not only to the treatment of the disease, but also the sequelae secondary infection, which incapacitates the individual from working^[@B26]^.

The accidentally inhaled fungal particles can remain latent in the lungs and later develop into the chronic form of the disease^[@B04],[@B24]^ or evolve more rapidly into the acute form^[@B04],[@B15],[@B34]^. In both forms, the tissues affected develop noticeable compact epithelioid granulomas containing a few viable fungi in their interior and may involve joints^[@B04],[@B24],[@B29]^.

The osteoarticular problems caused by *P. brasiliensis* were first reported in 1911^[@B33]^. Oesteoarticular involvement was observed in up to 20% of cases in the acute^[@B29]^ form and in up to 60% of chronic cases secondary to systemic involvement, especially in the lungs and skin^[@B08],[@B12]^.

The articular manifestation of PCM is accompanied by signs of intense inflammation and loss of joint function. In these cases, X-ray examinations reveal the destruction of articular cartilage, stroke and joint space narrowing^[@B03]^.

Note that scientific knowledge about arthritis has been almost entirely acquired through studies with *Staphylococcus aureus* ^[@B20]^. Therefore, PCM joint manifestations have not yet been addressed using experimental models. In this context, the present study aimed to standardize an experimental model of septic arthritis with *P. brasiliensis* in the knees of Wistar rats.

MATERIALS AND METHODS
=====================

The present study was jointly developed at the Laboratory of Clinical Analysis, Education and Research at the State University of West Paraná, Cascavel/PR (UNIOESTE) and Laboratory of Pathology, Federal University of São Paulo (UNIFESP) from January 2011 to July 2012. The experiments were approved by the Research Ethics Committee from UNIFESP-Hospital, São Paulo (Process: CEP No. 1023/10) and from UNIOESTE, Cascavel (Process: CEP No. 67/09).

The experiments were conducted with 84 male Wistar rats (45- to 60-day-old) divided into 14 groups of six animals. The experimental groups (EG) received intravenous articulate viable *P. brasiliensis* yeasts in the right knee joint at different doses. The negative control groups (GCN) received different doses of intra-articular heat-killed yeasts in the knee joint. The second absolute control groups (GCA) received intra-articular doses of 50 µL of sterile PBS in the joint.

The yeast suspensions used in EG were obtained from cell masses of strain Pb18, which were homogenized in sterile PBS. The cellular concentrations of yeast cells (10^3^, 10^4^ and 10^5^) were adjusted using a Neubauer chamber. The GCN inoculum was prepared from heat-killed yeast cells (56 °C for two hours). The inocula were homogenized, and the yeast cells were counted.

Yeast viability was determined using the Trypan blue exclusion method and cells suspensions were used with viability higher than 90% for GE and non-viable for GCN.

The rats were anesthetized (ketamine and xylazine, 20:5 mg kg ^--1^, respectively), and, a 50 µL cell suspension (concentrations of 10^3^, 10^4^ or 10^5^) of yeast cells was injected (27-gauge needle) directly into the knee joint of the right hind limb of each animal in the EG. The CGN received the same doses of yeast cells inactivated by heat. The CGA received only sterile PBS in the joint. The animals were sacrificed at two timepoints, 15 and 45 days after the infection date.

During the experiment, daily evaluations of the formation of swelling at the knees of the experimental animals were conducted by measuring (in millimeters) the lateral diameter of the right knee.

A digital radiological evaluation occurred before inoculation and at the end of the experiment, with anteroposterior (AP) and lateral incidences. The severity of arthritis was determined according to the quantification scale of radiological signs of osteoarthritis of the knee according to KELLGREN & LAWRENCE^[@B19]^, which assigns scores from 0 to 5 in the presence of zero radiological findings, followed by minimal changes, moderate and severe for knee osteoarthritis.

After completion of the Pb exposure time (15 or 45 days of infection), the animals were anesthetized with ketamine and xylazine intraperitoneally. Blood samples were then collected, and the spleen, liver and lungs were extracted to recover viable fungi by plating and for histological processing. The product of the dissection of the right knee joint of the hind limb of each animal was fixed in 10% formalin solution, decalcified in 5% trichloroacetic acid (TCA for approximately five days and processed for embedment in paraffin to obtain histological cuts, which, like other organs, were stained with silver using the Grocott method to visualize the *P. brasiliensis* ^[@B16]^, and hematoxylin-eosin^[@B18]^ for general morphological analysis of tissues. The severity of arthritis was evaluated using the scale of arthritis, according to HANSCH *et al.* ^[@B17]^, assigning 0-3 points to the presence and intensity of mesothelium findings, such as hyperplasia of the synovial membrane, cell infiltrate in synovial tissue, pannus formation, and cartilage destruction.

ELISA (enzyme-linked immunosorbent assay) was performed as described by RAMOS *et al.* ^[@B30]^. Briefly, 96 well plates were sensitized with the purified antigen gp43. After washing the plates, pooled sera were added (100 µL) at 1:1, 1:50, 1:450 and 1:1,350, followed by reaction with the secondary antibody (anti-IgG peroxidase, Sigma-Aldrich^®^). Fifty microliters per well (at a dilution of 1:1,000) was added, and the assays were developed and read the absorbance at 492 nm.

The recovery of viable fungi was performed by plating in triplicates, macerated fragments of lung, spleen and liver from the rats. Macerated organs were homogenized in one mL of sterile PBS, after which 50 µL were seeded on Petri dishes that contained BHI solid media supplemented with *P. brasiliensis* culture filtrate and horse serum, according to CASTAÑEDA *et al.* ^[@B07]^. Colony forming units (cfu) were counted between seven and 15 days.

Numerical variables were analyzed with simple descriptive statistics and inferential statistics using Student\'s t-test, Wilcoxon and ANOVA for comparisons between groups. To verify the association between the time of exposure to the fungus and the degree of intensity of the arthritis, we used the Chi-square test. The significance level was 5% with a value of α set at *p* \< 0.05.

RESULTS
=======

**Swelling:** In all experimental groups, the swelling measurements indicated increased joint volumes after the sixth day of inoculation to day 30, with a peak in swelling production between the 10^th^ and 20^th^ day of exposure. In GCA and GCN, there was no statistically significant difference ([Table 1](#t01){ref-type="table"}).

Table 1The mean and standard deviations of the diameters for the GE, GCN and GCA joints before and after inoculation with *P. brasiliensis* at 15 and 45 days of exposureGROUP15 DAYS45 DAYSStartEnd%*p* valueStartEnd%*p* value**GE -10^3^**11.0 ± 0.2615.30 ± 1.7739.10.0002^\*^10.20 ± 0.2412.40 ± 1.3021.600.0001^\*^**GE -10^4^**10.40 ± 0.3114.90 ± 2.8942.30.0002^\*^10.18 ± 0.5111.83 ± 1.2416.250.0001^\*^**GE -10^5^**9.58 ± 0.3512.45 ± 0.63300.0001^\*^10.65 ± 0.2312.03 ± 1.0212.960.0001^\*^**GCN-10^3^**10.27 ± 0.3410.30 ± 0.470.350.75410.35 ± 0.2710.42 ± 0.540.680.784**GCN-10^4^**10.40 ± 0.3510.42 ± 0.420.200.37510.10 ± 0.2810.40 ± 0.415.230.078**GCN-10^5^**10.23 ± 0.2410.33 ± 0.480.90.23510.36 ± 0.3410.63 ± 0.472.60.329**GCA**10.74 ± 0.4210.78 ± 0.500.370.25510.71 ± 0.3110.78 ± 0.390.650.902[^1]

**Radiological evaluation:** The Chi-square test showed a statistically significant association (*p* = 0.013) between the degree of arthritis and exposure to the fungus. In the GE group infected with 10^5^ yeast cells, all animals on day 45 displayed severe arthritis using the scale quantification of osteoarthritis of Kellgren & Lawrence. The other groups had no statistically significant (*p* = 0.241 for both groups) observable indexes.

At the end of the experiment, it was observed that 100% of the animals in the GE group had abnormal findings ranging from mild to severe. At day 15, clamping of the joint space, sclerosis of the marginal bone, a few irregularities of bone surfaces, lytic lesions and soft tissue swelling were observed. At day 45 of infection, additional changes were found, i.e., irregularities or no core lining, epiphyseal growth tubercle of the tibia epiphyses and flattening of the articular cartilage damage ([Fig. 1](#f01){ref-type="fig"}).

Fig. 1Radiological image of the right knee. **A** - A CGA animal on day 45 of the experiment presenting aspects compatible with normality. The arrow (a) indicates full epiphyseal line, the trabecular bone in the femur is regular (arrow (b)) and the regularity of the articular surface of the tibia and femur, indicated by the arrow (c). **B** - A GE animal (10^5^ yeast cells) on day 45 of the experiment displaying severe arthritis with joint destruction (arrow (a)), the absence of the patella-femoral joint space, shown by the arrow (b), and the absence of the epiphyseal line (arrow (c)). **C** - A GE animal on day 45 (inoculated with 10^4^ viable yeast cells) at the end of the study presents radiological findings consistent with mild arthritis. (a) Tibial subchondral cysts, (b) discontinuity of the articular surface of the tibia and (c) points to a deformity of the epiphyseal line adjacent to a subchondral cyst. **D** - A GE animal on day 15 (inoculated with 10^3^ viable yeast cells) presenting radiological findings consistent with mild arthritis. It is observed that the epiphyseal line is preserved (a) and that there are lytic lesions in the tibia and patella.

**Colony Forming Unit:** The cfu results indicate recovery of viable yeasts in 14% of the experimental group animals sacrificed at 45 days. In the other groups, fungi were not recovered by plating. For the SG-10^3^ yeast cells, three animals displayed PCM at other sites (lung, spleen and liver). The Chi-square test showed no statistically significant association between yeast dissemination and dose.

**Anatomopathological analysis:** The degree of arthritis was severe in all GE animals sacrificed at 45 days that received a dose of 10^5^ yeast cells, according to the index postulated by HANSCH *et al.* ^[@B17]^. In the other groups (10^3^ and 10^4^ yeast cells), the degree of arthritis ranged from moderate to severe after 45 days of exposure. The Wilcoxon test indicated significant differences between the mean values obtained at 15 and 45 days in all groups (*p* = 0.006, *p* = 0.008 and *p* = 0.011). The Chi-square test showed no association between the intensity of arthritis and the yeast dose used.

The joint biopsies indicated the presence of granulomatous inflammation in the synovium tuberculoid type in 100% of the experimental group animals sacrificed at 15 and 45 days post-infection with viable yeast cells. The formation of necrosis and the destruction of articular cartilage were observed in the GE animals sacrificed at 45 days regardless of the dose used ([Fig. 2](#f02){ref-type="fig"}).

Fig. 2Photomicrographs of histological longitudinal sections from the knees of the experimental animals. **A** - Articulation of a normal animal, GCA (HE 4x). **B** - Synovial membrane with swelling and granuloma from an animal after 15 days of exposure to a dose of 10^3^ yeast cells (HE 4x). **C** - Synovial swelling with a large amount of *P. brasiliensis* cells, indicated by the arrow, from an animal exposed to a dose of 10^4^ yeast cells for 15 days (Grocott 4x). **D** - Detail of figure (C) with a large amount of *P. brasiliensis* cells with budding (Grocott 40x). **E** - Pannus formation with the emergence of vessels (left arrow) and the multilayered synovial mesothelium (the arrows to the right) at 45 days exposure (HE 10x). **F** - Granuloma with a giant cell bone inside (HE 10x). **G** - Granuloma bone above the epiphyseal line, focusing on the necrosis inside, in one animal after 45 days of exposure to 10^5^ viable yeast cells (HE 4x). **H** - The arrow indicates the area of cartilage destruction, with a deep necrotic area after 45 days of exposure to 10^5^ viable yeast cells (HE 4x). **I** - Detail of figure (F) with a giant cell with *P. brasiliensis* cells inside (HE 100x).

**Analysis of Antibodies by ELISA:** The analysis of titration of anti-gp43 antibodies showed a higher production of specific antibodies in the groups corresponding to GE-15/10^3^ and GE-45/10^3^. In the other groups (both the experimental and negative controls), there were no statistically significant differences when comparing the groups ([Fig. 3](#f03){ref-type="fig"}).

Fig. 3ELISA results for rat sera and gp43. The graph shows the mean optical density (1:50 dilution) obtained in the study groups after infection. \* *p* = 0.0001 and *p* = 0.002 (ANOVA test) between the experimental groups at days 15 and 45.

DISCUSSION
==========

Questions about the clinical manifestations of fungal arthritis that are different from the clinical manifestations induced by bacterial arthritis, as described by FIGUEIREDO *et al.* ^[@B14]^, justify the development of the present experimental model.

There are few publications in the literature on PCM articular involvement, and some are controversial in relation to their most frequently obtained findings^[@B13],[@B32]^.

Experimental models have been used to elucidate mechanisms of common diseases in humans. Experimental models of PCM have allowed the acquisition of important information on various aspects of the disease and are able to provide monitoring of the infection from the beginning, which is not possible in human studies from biopsies and autopsies^[@B21]^.

In the present study, the results showed greater swelling formation between the seventh day of inoculation and the following thirty days. After this period, a reduction and stabilization of swelling was noted. The peak formation of swelling was between 10 and 20 days of the study regardless of the dose.

Our findings were similar to those reported by AMANAI *et al.* ^[@B01]^, who investigated the morphology and micro-architecture of articular structures in an experimental model of osteoarthritis using mice intravenously inoculated with *Candida albicans* and observed that the knee swelling lasted for 26 days on average. In another study conducted using the same experimental model, NAKAMURA *et al.* ^[@B27]^ reported peak swelling formation between 12 and 20 days, with reductions in the swelling after 31 days.

To assess the capacity of *Candida albicans* to induce arthritis, this yeast was directly injected into the joints of the mice paws. The authors observed peak erythema and swelling formation after seven days of the experiment with a slow decline for up to 35 days^[@B37]^.

In our study, data not shown indicated that more concentrated infusions containing 10^8^ *P. brasiliensis* cells led to erythema and a swelling pattern similar to the data described in this text. However, no study on joint experimental PCM was found in the literature, which limits a more detailed discussion on the topic.

In the present study, it was observed that a dose of 10^3^ viable yeast cells resulted in the increased expression of anti-gp43 antibodies measured at days 15 and 45 of the experiment. These findings possibly occurred because, in this group, there was a higher number of cfu and an increased systemic dissemination of the fungus after 45 days of the experiment with an increased fungal burden and, consequently, the production of antibodies. However, at 15 days, we hypothesize that although there was a high specificity to the antigen used, there may be a reaction with immunoglobulin isotypes, such as IgM. BLOTTA & CAMARGO^[@B05]^ also found IgM in a sample obtained from patients presenting forms of chronic and acute PCM. BUENO *et al.* ^[@B06]^ and BENARD *et al.* ^[@B04]^ determined increased IgM expression in early PCM infections. BAIDA *et al.* ^[@B02]^ and BENARD *et al.* ^[@B04]^ also found increased levels of IgM during early PCM infections.

Independent of the amount of yeast used for the infection, the radiological changes found in the animals sacrificed after 15 days were similar, and the same results were observed in the animals sacrificed after 45 days of the experiment. However, these groups had more severe radiographic alterations.

The radiological findings of this study are similar to those described in a case of hip monoarthritis PCM in patient 29 with clamping joint^[@B31]^. Other radiological findings, described in 19 cases of osteoarticular PCM as osteolytic lesions and marginal sclerosis, as described by MONSIGNORE *et al.* ^[@B25]^, bone flattening^[@B15]^ irregularities of the trabecular bone^[@B23]^, joint swelling and the destruction of articular cartilage, which were indistinguishable from other infectious processes^[@B10]^, were also present among our findings.

MONSIGNORE *et al.* ^[@B25]^ studied the radiological findings of 19 cases of osteoarticular PCM and reported that, in all cases, osteolytic lesions were found. Other studies have also reported that lytic bone lesions are a characteristic of radiological involvement^[@B09],[@B11]^ with or without marginal sclerosis^[@B07],[@B13]^.

Regarding the evaluation of anatomopathological quality, in the experimental groups sacrificed at 15 days, inflammatory signals (synovitis) were predominant and articular cartilage or necrotic areas were not observed. In the groups of animals sacrificed after 45 days, necrotic areas with deep lines near the epiphyseal, articular cartilage destruction and pannus formation were observed.

The commitment of the synovial membrane is described as the initial phase of PCM joint damage^[@B35]^, and the spread of the fungus often occurs secondary to a primary focus for hematogenous, lymphatic or contiguous^[@B20],[@B35]^. In this study, we induced an opposite pathway where the fungus was inoculated directly into the joint and, with disease progression the invasion to adjacent bones could be observed, indicating a severe degree of arthritis and systemic dissemination, as part of the disease during the 45 days of this study.

The data obtained using the scale of the intensity of arthritis^[@B17]^ showed statistically significant differences only when comparing the scores of the experimental groups sacrificed at day 15 with the scores of the groups sacrificed at day 45 of the study. Thus, the dose of infused yeast cells and the time of exposure to the fungus were essential for inducing severe arthritis in the knees of the animals, and we were able to determine the increased intensity of the arthritis. After the 15^th^ day of the experiment, the anatomopathological findings were restricted to the articulation. After 45 days, the extent of the damage to the subchondral bone was observed, sometimes almost reaching the line of epiphyseal growth and causing systemic dissemination.

CONCLUSION
==========

It was concluded that the doses of yeast used caused arthritis in the experimental animals. After 15 days, there were more intense inflammatory signs and, after 45 days of exposure, the predominant phenomenon of joint degeneration was present. In addition, a dose of 10^5^ viable yeast cells was the standard dosage for the development of our experimental model.
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[^1]: GE -10^3^ - Experimental group inoculated with 10^3^ viable yeast cells; GE -10^4^ - Experimental group inoculated with 10^4^ viable yeast cells; GE -10^5^ - Experimental group inoculated with 10^5^ viable yeast cells; GCN -10^3^ - Experimental group inoculated with 10^3^ heat-inactivated yeast cells; GCN -10^4^ - Experimental group inoculated with 10^4^ heat-inactivated yeast cells; GCN -10^5^ - Experimental group inoculated with 10^5^ heat-inactivated yeast cells; GCA - Absolute control group.
